The primary purpose of this study was to determine the size of the sound stimulus employed in the first stage of speech recognition. A listener has recognized (identified) a stimulus when he has determined that one of a possible set of alternatives was presented. Recognition of a stimulus is possible only if the information in the stimulus is sufficient to distinguish that stimulus from other possible stimulus alternatives, Recognizing speech continuously implies that each small portion of the sound-wave pattern uniquely determines a stimulus alternative. However, small portions of the acoustic input are not unique; there is no one-to-one mapping of stimulus to percept. Since the sound pattern must contain enough information for a consistent stimulus-percept mapping, larger chunks of the acoustic input are necessary for recognition.
Since the sound stimulus for speech recognition extends over time, the first part of the pattern must be held in some preperceptual form until the pattern is complete and recognition has occurred. Accordingly, it is assumed that the information in the 1 This investigation was supported in part by U.S. Public Health Service Grant MH-19399-02 . A report of this research was presented at the Indiana Conference on Theoretical and Mathematical Psychology, Bloomington, April 1972. The reviewer provided a number of helpful comments on the manuscript. 2 Requests for reprints should be sent to Dominic W. Massaro, Department of Psychology, University of Wisconsin, Madison, Wisconsin 53706. sound pattern is held in a preperceptual auditory image and that the recognition process involves a readout of the information in that image. The duration of the preperceptual auditory image places an upper limit on the sound patterns that can be employed in the recognition process. Accordingly, to understand speech recognition, it is necessary to determine the maximum duration that information can be held in a preperceptual auditory image.
The minimal sound patterns that are usually recognized in continuous speech are referred to as perceptual units. In terms of the present analysis, the perceptual unit cannot exceed the duration of the image and must uniquely determine the appropriate perceptual response. The perceptual unit of analysis gives the perceptual system acoustic information that can be reliably correlated with information in longterm memory. The information in the unit is defined by a set of features that correspond to a list of features in long-term memory. The features made available by the stimulus are acoustic, whereas the list of features in memory is abstract. The recognition process must find a match between the acoustic features in the stimulus and a list of features in memory. The nature of perceptual units also provides information about the structure of longterm memory, A set of features in the acoustic signal indicates that the signal can be identified and can therefore be used to 199 integrate with other units so that meaning can be derived from the message.
The following studies were carried out to determine the size of perceptual units employed in speech perception. It is necessary, therefore, to determine the temporal course of processing speech stimuli and to estimate the effective duration of the preperceptual image. Vowels and consonantvowel syllables were employed as test items in an auditory recognition masking task (Massaro, 1970b) . In this task, a test stimulus is presented, followed by a masking stimulus that occurs after a variable silent interstimulus interval. In a typical experiment, the test signals are short tones differing in pitch, and the listener's task is to identify the higher tone as high and the lower tone as low. The masking tone is presented at another frequency and at the same loudness as the test tones. The results indicate that recognition performance improves with increases in the silent intertone interval, up to about 250 msec. (Massaro, 1970b (Massaro, , 1971 (Massaro, , 1972c .
These results provide information about the preperceptual auditory image of the test tone and the vulnerability of the auditory image to new inputs. Given that the test tone lasted only 20 msec., some preperceptual image must have remained for the perceptual processing necessary to improve recognition performance with increases in the silent intertone interval. This improvement in recognition also indicates that the masking tone terminated perceptual processing of the image. Since recognition performance leveled off at about 250 msec., the image effectively decayed within this period. Using this paradigm with speech stimuli should make it possible to determine the duration of preperceptual images and the processing time required for speech stimuli.
EXPERIMENT I
The first experiment demonstrates that the recognition of a short speech stimulus is not immediate, but rather requires time for perceptual processing. Perceptual processing refers to the analysis of physical features in the sensory input in order to recognize the stimulus. A measure of perceptual-processing time might be found in the durations of vowels in normal speech which are in the range of 150-250 msec. (Fletcher, 1953; House, 1961; Peterson & Lehiste, 1960) . Since the pattern of sound-pressure fluctuations in a steadystate vowel repeats at the speaker's fundamental frequency, the extended duration of the vowel might be necessary for processing the information available in the vowel presentation. Vowels presented for very short durations can be identified if followed by a silent retroactive interval (Gray, 1942; Suen & Beddoes, 1972) . However, if processing is interfered with by following the short test-vowel presentation with another speech sound, the test vowel should not be identified. This result would provide evidence that the duration of the vowel in normal speech allows time for processing, since the extended duration of the vowel protects it from later speech until recognition has been completed.
The 5s were required to recognize a test vowel. On each trial, 1 of 2 vowels could be presented with equal probability. A second vowel, referred to as the masking vowel, followed the test vowel after a variable silent intervowel interval. It was assumed that the perceptual processing necessary for recognition of the test vowel could take place during the test-vowel presentation and the silent interval afterwards, but not during the masking-vowel presentation.
Method
Subjects, Three young adults from the University of Wisconsin community were employed as 5s.
Procedure. The vowels of a male speaker were first recorded at the same fundamental frequency and amplitude. A steady-state segment of each vowel was stored digitally by a computer-controlled analog-to-digital converter. During this experiment, the vowel segment was played back, using a digital-to-analog converter. In the recognition masking task, the vowels /i/ as in heat and /I/ as in hit were employed as test items. The duration of the test vowel was 20 msec. The silent intervowel interval lasted 0, 20, 40, 80, 160, 250, 350 , or 500 msec. The masking stimulus was a 270-msec. nonsense vowel made up of 2 alternating vowel segments. These 2 segments were taken from the vowels /a/ as in hat and /U/as in put and lasted 45 msec. each.
The 5s were tested simultaneously in a soundinpulated chamber. All experimental events were controlled by a PDP-8 computer. The vowels were presented binaurally over matched headphones (Grason-Stadler Model TDH-39) at a normal listening intensity (about 80-db. SPL). An 5 recorded his decision by pressing 1 of 2 push buttons, labeled i and 1, respectively. Following the 2.5-sec. response period, feedback was given by illuminating a small light for 500 msec, above the correct response button. The intertrial interval was 2 sec.
On every trial, 5 heard a test vowel, followed in turn by a variable silent interval and the masking vowel. He identified the test vowel as i or I and was then informed of the correct answer for that trial. The 5s had 1 day of practice identifying the test vowels without a masking vowel and 2 days of practice with a masking vowel before the experiment itself, which consisted of 2 days of 3 sessions each. There were 400 trials/session, and 5s did not respond to the first 5 trials of each session. Since all experimental conditions were completely random, memory and decision factors were reasonably constant. The results, then, indicate the temporal course of the perceptual or identification process.
Remits
The results of the experiment, presented in Figure 1 , show that for each S, recognition improved from near chance to almost perfect performance with increases in the silent intervowel interval. The results indicate that an auditory image remained after the first vowel and was processed during the intervowel interval for recognition. The second vowel was effective in terminating the perceptual processing of the image. Figure 1 shows that the processing time necessary for asymptotic recognition differed for the 3 Ss. Two Ss (KB and MF) required about 180 msec, for optimal recognition. In contrast, the third S (DC) was able to identify the test vowel with only 80 msec, of additional processing time after its presentation.
These results do not necessarily estimate the duration of the preperceptual image or the perceptual processing time in typical vowel identification. Since performance reached asymptote at essentially perfect recognition, the recognition process could have been complete before the image decayed. To estimate the duration of the image, recognition accuracy must reach asymptote below perfect performance. In the present study, the test vowel was 1 of only 2 possible vowels. With only 2 alternatives, 5 can probably make his decision very rapidly, since fewer acoustic features of the vowels need be processed for accurate recognition. With a larger number of alternatives, however, S would have to process more features before reaching a decision. Accordingly, increasing the number of alternatives in this task should increase the effective perceptual-processing time up to the duration of the auditory image. Accordingly, Experiment II was carried out with 4 test alternatives in the recognition masking task. Procedure. In Experiment II, 4 vowels recorded by a female speaker were employed as test items. The fundamental frequency of the vowels was 192 Hz. The test alternatives were the vowels /i/ as in heat, /I/ as in hit, /a/ as in hat, and /U/ as in put. The duration of the test vowel was 20 msec. The silent intervowel interval lasted 0, 20, 40, 80, 140, 220, 340 , or 480 msec. The masking stimulus was also chosen randomly from the 4 vowels, /i/, /I/, /a/, and /U/, and also lasted 20 msec.
Four 5s were tested simultaneously in separate sound-attenuated rooms. All experimental events were controlled by a PDP-8L computer. The vowels were presented binaurally over matched headphones at between 58-and 67-db. SPL. Each S recorded his decision by pressing 1 of 4 push buttons, labeled HEAT i, HIT 2, HAT 3, and PUT 4, respectively. Following the 2.5-sec. response period, feedback was given by presenting the digits 1, 2, 3, or 4 on a visual display (IEE readout) for 500 msec. The intertrial interval was 2 sec. There were 2 300-trial sessions on each of 5 days. On the first day, S identified the test vowel without the masking vowel present. On Days 2, 3, 4, and 5 the experiment proper was carried out. Presentation ot the 4 test alternatives, the 4 masking alternatives, and the 8 intervowel intervals was completely random, and each condition was programmed to occur equally often. Day 2 was treated as practice, so that the results are taken from the last 3 experimental days.
Results
The results were analyzed in terms of a signal detectability framework to provide a measure of vowel discriminability, d', which would be relatively independent of decision biases. It is possible to derive a measure of recognition performance for each of the 4 test vowels. The probability of identifying a vowel correctly is designated a hit, and responding with that vowel alternative to any other test alternative is designated a false alarm. For example, the probability of responding i given the test vowel /i/, ^>(i|i), would be a hit, whereas the probability of responding i given any other alternative, p (i I), would be a false alarm. The d' measure derived from these probabilities would be the index of discriminability for the vowel /i/. The d' values were obtained from the hit and false alarm rates (averaged across Ss) in Elliot's (1964) tables. interval. Identification of each vowel improved with increases in the silent interval between the test and masking vowels. These results can be used to estimate the duration of the preperceptual image and perceptual-processing time, since recognition reached asymptote below perfect performance. Since performance did not improve beyond an intervowel interval of 220 msec., the image could have decayed in this period. Figure 2 also shows that the test vowels were not recognized equally well, implying that the alternatives differed in discriminability. The rank ordering from least to most discriminable was /a/, /I/, /U/, and l\l.
The continuous lines in Figure 2 are drawn through the predicted points given by a perceptual-processing model (Massaro, 1970a) , which assumes that readout of the information in the preperceptual image increases in a negatively accelerating manner with increases in processing time. More specifically, the perceptual strength of an item, as measured by its discriminability, d', follows an exponential growth function of time:
The measure d' is the discriminability of the item after a presentation time of t sec. In the model, presentation time includes both the duration of the test item and the silent interval before the onset of the masking stimulus. Equation 1 indicates that the perception of a test item approaches an asymptote a at a rate of &. Each test vowel is assumed to function as a perceptual unit and therefore has a number of distinctive features that correspond to a feature list in long-term memory. The rate at which these features are processed is reflected in the value of 6. A vowel with a large number of distinctive features would be expected to have a large a value. A noisy or unclear vowel would have few distinctive features and a small a value. Thus, the a value can be thought of as an index of the number of discriminable features of a vowel.
According to the model, the overall differences found in identifying the test vowels should reflect differences in a, the measure of discriminability. However, 8, the rate of processing the information in the vowel, should be independent of a. In all cases, the number of features processed in any unit of time should be a constant proportion of the number of features that remain unprocessed. Equation 1 was applied to the observed results in Figure 2 by estimating a different parameter value of a for each test vowel and a single value of 6. As can be seen in Figure 2 , the model describes the results fairly accurately. Thirty data points are predicted with only 5 parameter estimates. The parameter estimates of the a values for /i/, /I/, /a/, and /U/ were 2.29, 1.31, .88, and 1.77, respectively. The estimated value of 6 was 15.17. increases in the silent interval after its presentation. This result provides evidence for the assumption that the duration of vowels in normal speech provides time for perceptual processing. However, increasing the duration of a vowel could also increase the amount of information in the vowel presentation. Increasing the duration of a vowel increases the information in the stimulus if one analyzes the frequencyamplitude spectrum of the steady-state vowel. With a short vowel stimulus, the distributions of energy around the respective formants are fairly large, and increasing the duration of the vowel would decrease the variance of the distributions. Accordingly, to measure the relative contribution of processing time and stimulus information in vowel perception, perception of a short vowel followed by a silent interval was compared to perception of that same vowel left on for the processing interval before presentation of the masking vowel.
EXPERIMENT III

Method
Subjects. Eight undergraduates fulfilling a course requirement at the University of Wisconsin served as 5s for 5 days.
Procedure, The 4 test alternatives used in Experiment II were also employed in this study. The vowels were first modified digitally to give exactly the same steady-state loudness (65-db. SPL). Since the vowels had a fundamental frequency of 192 Hz., 5 fundamental segments gave a stimulus duration of 26 msec. In the continuous-processing conditions, vowels had to be presented at durations that exceeded our computer storage capacity. Accordingly, we stored 26 msec, of each vowel and repeated this segment until the desired duration was presented. The masking vowel was a 208-msec. continuous nonsense vowel made up of 2 repetitions of the 4 test vowels, /i/, /I/, /a/, and /U/, played for 26 msec. each.
On the first day of the experiment, 5s listened to the test vowels played at durations of 208, 104, and 52 msec., respectively, in 3 successive 300-trial sessions. Feedback was given simultaneously with the test-vowel presentation. The experiment proper was carried out on the following 4 days. In the silent-processing condition, the test vowel was presented for 26 msec., followed in turn by a silent interval (0, 26, 52, 78, 130, 182, 260, or 390 msec.) and the masking vowel. In the continuous-processing condition, the test vowel was presented for 26, 52, 78, 104, 156, 208, 286 , or 416 msec., followed immediately by the masking vowel. All experimental conditions (4 Test Vowels X 2 Processing Conditions X 8 Processing Intervals) were completely random in a given session and were programmed to occur equally often. Therefore, on every trial, 5 heard a test vowel of variable duration, followed in turn by a variable silent interval and a masking vowel. Following a 2-sec. response period, feedback was presented. The intertrial interval was 1 sec. All other procedural details were similar to Experiment II. Two 300-trial sessions were given, and the first 5 trials on each day were ignored in the data analysis.
Results
The results shown in Figures 3, 4 , 5, and 6 present discriminability values for each vowel as a function of processing time and the silent and continuous conditions. For every vowel, identification was better when the vowel was left on for the processing interval than when a 26-msec. vowel was followed by a silent-processing interval. More specifically, for all test vowels, performance reaches asymptote at a higher level of performance for the continuousthan for the silent-processing condition, suggesting that there was more stimulus information in the test vowel in the former than in the latter processing condition. Furthermore, the results also indicate that performance reaches asymptote at the same processing interval for the silent-and continuous-processing conditions. Accordingly, it appears that the rate of processing the information in the test vowel did not differ under the 2 processing conditions. This interpretation of the results can be described in the framework of the perceptual-processing model. We first assume that a 52-msec. vowel produces more information than a 26-msec. vowel, but that the information in a vowel presentation does not increase with increases in duration beyond 52 msec. It follows that the continuous condition should only have one value of a at test vowel durations of 52 msec, or more. We assume that this a value is some constant K, times the a value for the corresponding 26-msec. vowel presentation. Accordingly, to obtain the theoretical predictions, it is necessary to estimate a different a for each of the 4 test vowels, the constant K, and a value for 6, the rate of perceptual processing, which should be constant under both the silent and continuous tone conditions.
The predicted curves are given by the continuous lines in Figures 3, 4 , 5, and 6. The model does a reasonably good job of describing the data, considering the fact that 64 points are predicted by estimating only 6 parameters. The parameter values for a were 2.57, 1.41, 1.24, and 1.91 for the vowels /i/, /I/, /a/, and /U/, respectively. The estimated value for K was 1.20, and the value for 6 was 23.77. In the silent-processing condition, recognition performance improved with increases in the silent interval, leveling off after roughly 200 msec. It might therefore be concluded that the preperceptual image of the test vowel decayed within this period. However, recognition performance reached asymptote at the same time in the continuous vowel condition. In this case, the image should not have decayed, since the test vowel was still being presented. It appears that recognition leveled off because S processed all the information available in the stimulus in the first 200 msec. In terms of the perceptual-processing model presented here, the rate of processing was large enough that performance reached asympote within 200 msec. It is possible that further increases in the number of test alternatives will differentially enhance performance in the continuous-relative to the silent-processing condition.
The results indicate that perceptual processing of a continuous vowel presentation continues for about 200 msec. This processing is terminated by a masking-vowel presentation. These results support the idea that the extended duration of the vowel in continuous speech allows time for perceptual processing, so that the vowel can be identified. The processing time during the steady-state vowels could also provide time for recognition of some consonants. The stop consonants are characterized by rapid transitions in the formants of the acoustic signal (Liberman, Cooper, Shankweiler, & Studdert-Kennedy, 1967) . The stop consonants /g/, /d/, and /b/ can be distinguished from each other by the second formant transition, which varies as a function of place of articulation (Delattre, Liberman, & Cooper, 1955) . It has been argued that the stop consonant could not be recognized while it is presented, but would require some silent time or steadystate period for recognition to take place (Massaro, 1972b) .
This analysis implies that the stop consonant-vowel (CV) transition would function as a perceptual unit in speech perception. If the vowel is integrated with the CV transition, the extended duration of the vowel in normal speech would provide time for perceptual processing. Accordingly, the first part of the CV pattern probably could be identified if it is presented alone and followed by a silent interval. However, if the short CV syllable were followed by a speech sound that could not be integrated with it, perception should be disrupted, and backward recognition masking should occur. To test this, we took the CV transitions of 3 stop CV syllables and used these as test items in our backward-masking experiment.
EXPERIMENT IV
Method
Subjects. Six University of Wisconsin undergraduates fulfilling a course requirement were tested for 5 days.
Procedure. Three CVs were employed as both test and masking stimuli. The CVs were BA, DA, and GA (A as in box). The 2 formant CVs were synthesized at Haskins Laboratory 3 and recorded digitally for playback during the experiment. Enough of the CV syllable was presented for it to sound speechlike. Each CV syllable was of 42-msec. duration (30 msec, of transition plus 12 msec, of steady-state vowel) and was presented at 76-db. SPL. On each trial, 1 of the 3 CV syllables was presented, followed in turn by a variable interval and 1 of the 3 syllables. The silent intersyllable interval lasted 0, 20, 40, 60, 100, 160, 240, or 320 msec. Each S recorded his decision by pressing 1 of 3 push buttons labeled GA i, DA 2, and BA 3, respectively. Following the 1.5-sec. response interval, feedback was provided by visually presenting the digits 1, 2, or 3 for 500 msec. The intertrial interval was 1.5 sec. Presentation of the 3 test alternatives, 3 masking alternatives, and 8 intersyllable intervals was completely random. The alternative GA could occur 2 out of 8 times and BA and DA each occurred 3 out of 8 times. All other procedural details were the same as in Experiment II.
On the first day, 5s identified the test syllable without the masking syllable present for 300 trials. The masking stimulus was presented in the second session. On Days 2, 3, 4, and 5, the experiment proper was carried out. There were 2 300-trial sessions per day. Only the results of Days 3, 4, and 5 were included in the data analysis.
Results
The results, presented as in Figure 7 , show that identification performance improved with increases in the silent intersyllable interval for all 3 CVs. The continuous lines are drawn through the predicted points given by Equation 1. Four parameter values were estimated: an a. value for each CV test alternative, and a value of 6. The parameter estimates were 3.18, 2.06, and 2.75 for the values for GA, DA, and BA, respectively. The parameter estimate for the rate of perceptual processing, 6, was 17.28. Table 2 shows that the similarity between the test and masking stimuli did not systematically affect identification performance. However, BA produced less overall interference than GA or DA as a masking stimulus. This result might reflect the fact that the low frequencies of the syllable BA are less effective in terminating perceptual processing of an earlier CV presentation.
DISCUSSION
These studies were carried out to determine the size of perceptual units employed in speech perception. It was argued that the perceptual unit could not be larger than the temporal life of a preperceptual image of the speech stimulus. If the information in the image decays before it is synthesized, recognition would not be possible. The results indicate that processing the speech stimuli employed here occurs within 200-250 msec, after the stimulus presentation. Accordingly, some transformation of the speech signal must occur about every j sec. The stimulus within this time period must function as a perceptual unit. There must be sufficient information in this signal (and in the context in normal speech) for contact with information in long-term memory. To the extent the present Studies simulate the processing of real speech, it might be concluded that the first stage of speech recognition must operate on acoustic segments that are of less than 250-nisec. duration. If this is the case, perceptual units appear to be of roughly syllabic length, as suggested by Huggins (1964) and Massaro (1972b) .
There are at least 2 apparent difficulties with assuming that the first stage of recognition involves a transformation or synthesis within 250 msec, after a sound pattern is presented. The first is that the utilization of auditory information occurs across much longer temporal periods. The memory for the quality of a speaker's voice requires an auditory memory that can last indefinitely. The interpretation of prosodic information such as stress requires an auditory memory that lasts for the length of a phrase or sentence. Most importantly, the recognition of sound patterns depends on an auditory memory for those sound patterns or even other sound patterns by the same speaker. For example, Ladefoged and Broadbent (1957) showed that the acoustic characteristics of some vowels of a speaker influenced the recognition of other vowels by the same speaker. Accordingly, the listener must have remembered some of the auditory characteristics of the vowels for longer than 250 msec. The auditory memory illustrated by these examples, however, is not preperceptual, but is auditory information that has been actively synthesized. Massaro (1972a Massaro ( , 1972b has distinguished between two stages of auditory information processing which involve preperceptual and synthesized auditory storage, respectively. The first stage involves recognition of a sound pattern held in a preperceptual auditory image. The recognition of the sound pattern produces a synthesized auditory percept in synthesized auditory storage. Synthesized auditory storage has a much longer life span than preperceptual images and could be responsible for auditory memory effects that operate over longer time periods than are given by preperceptual auditory storage. Accordingly, the auditory storage responsible for memory for voice quality, the Ladefoged and Broadbent (1957) effect, and for interpreting prosodic features of a sentence, is not preperceptual, but is at the level of synthesized auditory storage. (For a more complete discussion of the differences in pre-perceptual and synthesized auditory storage, see Massaro, 1972a Massaro, , 1972b The second problem is that it is well known that the acoustic sound pattern corresponding to a syllable changes with changes in the speaker, the rate of speaking, the stress patterns, and (most importantly) the influence of neighboring syllables (Fant, 1962; Ohman, 1966) . However, this problem is not unique to speech recognition, but is also the major deterrent to the development of a recognition device for handwritten text. This observation tells us that the representation of a perceptual unit in long-term memory must be a highly flexible one, with a number of normalization algorithms that operate on the sound-pattern input. Luckily, in normal speech, context or redundancy significantly reduces the number of valid alternatives for each sound pattern. The sound pattern can, therefore, be noisy, since redundancy reduces the number of acoustic features that are necessary to recognize the pattern correctly.
